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We report on an instrument for applying ac and dc magnetic fields by capturing the flux from a rotating
permanent magnet and projecting it between two adjustable pole pieces. This can be an alternative to
standard electromagnets for experiments with small samples or in probe stations in which an applied magnetic
field is needed locally, with advantages that include a compact form-factor, very low power requirements and
dissipation as well as fast field sweep rates. This flux capture instrument (FLUXCAP) can produce fields
from −400 to +400 mT, with field resolution less than 1 mT. It generates static magnetic fields as well
as ramped fields, with ramping rates as high as 10 T/s. We demonstrate the use of this apparatus for
studying the magnetotransport properties of spin-valve nanopillars, a nanoscale device that exhibits giant
magnetoresistance.
PACS numbers: 07.55.-w,75.60.-d,75.47.De
The effective synthesis and control of magnetic fields
is of longstanding fundamental interest for probing
magnetic-field dependent phenomena. The ability to ef-
fectively magnetize materials is also of tremendous tech-
nological importance for testing magnetic devices, such
as sensors, magnetic memories and other small magnetic
elements, as well as for characterizing a new genera-
tion of hybrid devices with semiconducting and magnetic
properties1–3. This demand for magnetizing devices has
motivated the recent emergence of many different meth-
ods for generating and directing magnetic fields4–9. From
static systems involving permanent magnets to electro-
magnetic systems built upon current carrying coils and
superconducting magnets, there are many options when
designing a source of magnetic fields. Most designs con-
sider: the maximum desired field, the field homogeneity
in the sample area, the size and access to the field region
for probes (e.g. optical or electrical), the field sweep-rate
and the magnet’s linearity. In practice, the design factors
are highly dependent on the researcher’s aim.
Standard electromagnets have several disadvantages.
The current-carrying electromagnets are typically large,
heavy units that can limit the optical access to a de-
vice between the poles, consume high power in order to
drive sufficient current through the coils and require wa-
ter cooling in order to mitigate the Ohmic heating.
In this paper, we introduce an ac/dc magnetizing de-
vice based on the coupling of magnetic flux into two par-
allel steel bars from a diametrically magnetized perma-
nent magnet that is mounted to a rotating stage. We de-
note this instrument FLUXCAP for its flux capture char-
acteristics. The FLUXCAP is an alternative to standard
magnetizing devices for generating the fields between two
soft pole pieces. It has been designed for testing small
magnetic devices, whose lateral size is much smaller than
the diameter of the pole pieces. This apparatus has sev-
eral advantages over standard magnets: it is portable and
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FIG. 1. Diagram of a flux-coupled dipolar magnet based
on a permanent magnet rod with diametric magnetization
mounted to a motor. The permanent magnet is indicated
by the blue rectangle. The motor is indicated by the brown
hashed region, and the steel bars by the black dotted regions.
The pole pieces (solid grey with black stripes) are adjustable
for changing the gap length. A test device is drawn between
the two pole pieces as the green solid rectangle. The red closed
curves symbolize the magnetic field lines in the system.
can run entirely on battery power; the only Ohmic losses
are in the motor, for which overheating can easily be pre-
vented by heat-sinking; and the high speed by which the
magnet can be rotated permits higher field ramping rates
than many electromagnets which typically have a large
inductance. Furthermore, the FLUXCAP permits opti-
cal access and is high vacuum compatible, permitting a
wide range of test applications.
I. PHYSICAL DESCRIPTION AND PRINCIPLES OF
OPERATION
Figure 1 illustrates our implementation of a FLUX-
CAP magnet. The yoke of the FLUXCAP is a
Neodymium Iron Boron (NIB) magnetic rod (diameter
0.5 inches, length 2 inches)10 as indicated by the blue
rectangle in the figure. It is magnetized uniformly along
the rod diameter. The NIB magnet is attached to a mo-
tor (brown hashed) which permits continuous rotation of
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2the rod about its long axis, and consequently, continuous
rotation of the magnetization in the plane perpendicular
to the rotation axis. The magnet yoke is flanked on both
sides by soft pole pieces – two low-carbon steel bars as in-
dicated by the black dotted regions (0.25 in2 square cross-
section, length 6 inches). Two threaded holes near the
termination of the bars accommodate one-quarter inch
threaded steel rods, completing the pole pieces. The pole
gap is adjusted by threading the removable pole pieces
(grey with black stripes) into and out of the threaded
holes in the steel bars. Test devices, as indicated by the
green solid rectangle, are inserted in the gap between the
pole pieces and a commercial Gaussmeter is placed at the
sample location to monitor the field produced between
the poles. This entire apparatus is lightweight, weighing
less than 10 kg.
The soft pole pieces capture the flux incident from the
yoke and focus the field lines across the relatively short
air gap between the pole pieces. As the NIB rod is rotated
on its axis, the net flux captured into the pole pieces from
the yoke varies periodically. This rotation translates into
a nearly sinusoidally varying magnetic field between the
two poles.
The operation of the FLUXCAP magnet depends upon
the capture of magnetic flux from a permanent magnet
into two parallel steel bars placed on each side of the mag-
net. Maximal flux transfer occurs when the magnetiza-
tion of the diametrically magnetized permanent magnet
is directed toward the faces of the steel bars and minimal
flux is transferred when the magnetization is oriented
perpendicular to the faces of the bars. Thus, the per-
manent magnet is rotated by a motor in order to vary
the flux captured by the steel bars by varying the angle
between the magnetization direction and the steel bar
faces.
We present a model for understanding the basic de-
pendence of the flux in the steel rods as a function of the
magnetization direction of the permanent magnet. Equa-
tion (1) presents the field from an infinite uniformly mag-
netized rod with diametric magnetization in cylindrical
coordinates:
B =
 Bmax(ρ̂ cosφ− φ̂ sinφ), ρ < RBmax (Rρ )2 (ρ̂ cosφ+ φ̂ sinφ), ρ > R. (1)
Here Bmax = µ0Ms/2, where Ms is the saturation mag-
netization of the permanent magnet. ρ and φ are the
radial and angular cylindrical coordinates. R is the ra-
dius of the permanent magnet rod. The geometry of
this arrangement is further depicted in Fig. 2(a). While
the real magnet is finite in extent, we believe that this
approximately captures the relevant behavior of this sys-
tem because the length of the magnetic rod is much larger
than the distance between the rod and the steel bars (ap-
proximately one-eighth of an inch). We are ultimately
interested in the field lines extending radially outward
and into the steel piece, which is set by Bmax, the max-
imum magnetic field at the surface of the magnet. This
value can be directly measured with a magnetic field sen-
sor placed on the surface of the magnet, which we have
measured as 0.993 T. Having established an expression
for the field, we proceed to a description of the flux in
the steel bars.
The proximity of the two parallel steel bars have a non-
negligible effect on the fields from the permanent magnet.
We assume the magnetic field on the surface of the per-
manent magnet is left unchanged, but that the magnetic
field lines are distorted in such a way that field lines on
the right semicircular face of the magnet terminate on
the right steel bar and lines on the left semicircular face
terminate on the left steel bar, as depicted graphically
in Fig. 2(b). Therefore, we can estimate the total mag-
netic flux into the right steel bar as the net magnetic flux
exiting the right semicircular face of the magnet. Equa-
tion (2) gives the total flux Φ as a function of θ0, the
angle between the magnetization and the steel surface
normal:
Φ = Bmax · 2R` · cos θ0, (2)
where ` is the length of the magnet.
Finally, the magnetic flux is directed toward two pole
pieces extending into the gap between the parallel steel
bars. For sufficient distances between the permanent
magnet and the pole pieces, all of the field between the
pole pieces is indirectly coupled through the flux in the
steel bars. The magnitude of this field is inversely pro-
portional to the surface area of the pole tips. It is also
sensitive to the pole gap and distance of the pole pieces
from the magnet, both of which can contribute to flux
losses through leakage along the gap between the parallel
bars and fringing at the poles. We present an implemen-
tation of this method of flux capture and direction that
exploits a pole displacement and tip surface area that
gives a fraction of a Tesla magnetic field in a ∼ 1 cm3
FIG. 2. Distortion of the magnetic field lines from a diamet-
rically magnetized cylinder due to the proximity of a steel
bar. The red arrows in both (a) and (b) represent the radial
magnetization direction. The red dashed curves in (a) repre-
sent the magnetic field lines. The angle θ0 in (b) is the angle
between magnetization and the steel surface normal. The red
and green curves represent the magnetic field lines coming out
from and into the magnetic rod.
3FIG. 3. Magnetic field between the pole pieces as a function
of time as the permanent magnet is rotated continuously at
a rate of 400 rpm. The maximum applied field is seen to be
a function of the gap spacing.
volume. We also adjust the pole gap in order to control
the peak field applied between the poles, as discussed
below.
II. FLUXCAP OPERATION
A. Variable Amplitude and Precision Control
The gap between two steel pole pieces can be adjusted
to change the maximum applied field. This varies the
peak field amplitude of the alternating magnetic field
when the magnet is rotated continuously. Reducing the
peak field amplitude may be useful in studying devices
that have multiple magnetic layers, some of which are
not intended to be remagnetized.
Reducing the peak field amplitude may also be use-
ful in applications where field precision is of most im-
portance. For example, the FLUXCAP can be used to
generate dc magnetic fields with the magnet positioned
using a stepper motor. The field precision is related to
the minimum rotation that the motor can produce and
the maximum field amplitude. Each finite step from a
stepper motor (typically 0.9 degrees) corresponds to a
change in field of just over one percent of the peak ampli-
tude. Therefore, larger pole separations may be desirable
to obtain finer control over magnetic fields.
Figure 3 demonstrates the ability to adjust the maxi-
mum field between the poles. We adjusted the 0.25 inch
diameter threaded rods to create pole gaps in 0.125 inch
increments between 0.125 and 0.5 inches and operated
the FLUXCAP using a 12 V battery-powered dc motor.
As the permanent magnet was rotated continuously at
a rate of 400 revolutions per minute, field measurements
were made using a commercial Gaussmeter and then dig-
itized at 48 kHz. We demonstrate control over the peak
field amplitude from 400 mT down to 180 mT.
The peak amplitude Bpk at the pole gap of 0.125
inches allows us to estimate the efficiency by which we
capture the flux from our NIB yoke into the two pole
pieces. Assuming an effective fringing area Af about
50% larger than the pole face, we compute the efficiency,
e = BpkAf/Φ, to be approximately 15%. We estimate
that 85% of the flux is being lost to leakage across the
space between the steel bars. The FLUXCAP could be
made more efficient by employing higher permeability
materials and through optimizing the pole piece geom-
etry.
B. Variable frequency and Field Ramping
The FLUXCAP magnet can operate either as a sta-
tionary or an alternating field magnetizing device. In the
alternating field operation mode, a dc motor generates
continuous rotation of the NIB yoke which drives an al-
ternating magnetic field between the poles. By changing
the frequency of rotation, a variation of the field sweep-
ing rate (frequency) can be achieved. Figure 4 shows the
Fast Fourier Transform spectra of the alternating mag-
netic field between the poles of the FLUXCAP under dif-
ferent rotation speeds of the motor. Measurements were
taken under a 0.25 inch pole gap using the same field
acquisition methods described above. We demonstrate
alternating magnetic fields with frequencies ranging be-
FIG. 4. FFT spectra indicating the various magnet rotation
rates.
4FIG. 5. FLUXCAP apparatus in a testing configuration. The FLUXCAP motor and steel bars are bolted to aluminum tracks.
The NIB yoke is encased in aluminum shells for coupling to the motor with a brass set screw and to two plastic ball bearings
at the midpoint and the endpoint of the magnet. Adjustable pole pieces emerge from the steel bars where the test sample has
been clamped to the aluminum track and a gaussmeter probe is attached behind the sample. and sample.
tween 3 Hz and 7 Hz for voltages ranging from 7 V to
12 V placed across the motor.
For the lower frequencies, the FFT spectra show wide
sidebands due to a varying rotation rate of the permanent
magnet. We used a 12 V/84 oz-in 37 mm dc motor11,
which uses 12 W of power (1 A or 20% of its stall current)
at 12 V. At lower voltages, the maximal output torque of
the motor decreases and rotating the magnet away from
the steel bars requires larger torque. For inputs below
7 V, this motor stalls. We use a higher torque stepper
motor when slower field ramp rates are needed12.
The frequency of the alternating magnetic field cor-
responds to an effective linear ramping rate over ± 85
percent of the maximum amplitude field. For the fre-
quencies given here and the 0.3 T peak amplitude for a
0.25 inch pole separation, the ramping rates vary from
10 T/s down to 4 T/s for the lowest rotation frequency.
These high field ramping rates make the FLUXCAP an
efficient rapid magnetizing device when used with a con-
tinuously rotating motor. Slower variation of the field
has been achieved with the use of a high torque stepper
motor, permitting field ramping rates to decreasing by
several orders of magnitude. This could be relevant to
studies of thermally-activated magnetization reversal in
which a magnet’s coercivity is (typically logarithmically)
sensitive to the sweeping rate13–18.
III. APPLICATION: FAST MAGNETIZING OF
SPIN-VALVE NANOPILLARS
The FLUXCAP magnet can facilitate fast character-
ization of many magnetic devices such as spin-valve
nanopillars – a two terminal magnetic device composed
of two ferromagnetic layers separated by a thin non-
magnetic layer14,19. Typically a spin-valve device ex-
hibits two stable resistance states depending on the rel-
ative magnetization orientation of the two magnetic lay-
ers from the Giant Magnetoresistance (GMR) effect20–23.
The spin-valve state can be toggled between high (an-
tiparallel) and low (parallel) resistance by applied mag-
netic fields. Characteristic of spin-valve nanopillars is
the use of ferromagnetic layers with different coercivities,
such that one ferromagnet is typically fixed (a reference
layer) while the other ferromagnet (the free layer) can be
switched relative to the reference magnet. We can deter-
mine the relative orientation of the layers by measuring
the device resistance as a function of the applied mag-
netic field. More critically, using the 7 Hz rotation rate
of the FLUXCAP, we can rapidly conduct MR hysteresis
loops to measure the coercivity of the free layer and the
giant magnetoresistance of the spin-valve. The FLUX-
CAP also could be incorporated into a probe setup for
characterizing the properties of spin-valve and magnetic
tunnel juction (MTJ) devices.
Figure 5 demonstrates a testing configuration for this
apparatus. A spin-valve nanopillar device is wire bonded
to a coplanar waveguide board, which is in turn has
been soldered to end-launch coaxial jacks. The waveg-
FIG. 6. GMR signal versus field for 130 hysteresis loops
obtained in 20 seconds.
5uide is mounted rigidly to the outer Aluminum rail of
the apparatus such that the device is centered between
the two pole pieces. A commercial Gaussmeter probe
is also mounted on the aluminum rail and is attached
to one of the pole pieces. A small ac excitation cur-
rent probes the differential resistance across the 300 ×
50 nm2 spin-valve nanopillar, whose physical properties
have been described in detail elsewhere19. The FLUX-
CAP is configured with a one-quarter inch pole gap and
12 V power to run the motor at 7 Hz.
Figure 6 shows over 100 hysteresis loops recorded from
20 seconds of operating the FLUXCAP. Sharp changes
in the differential resistance RAC indicate toggling of the
magnetization of the free layer from “up” (anti-parallel)
to “down” (parallel) relative to the reference layer. As
mentioned previously, the reference layer has a coercivity
over 1 T, and is kept fixed during these measurements.
Due to the thermally activated nature of magnetization
reversal, a characteristic distribution of switching fields is
apparent in this ensemble of hysteresis loops. It is there-
fore effective to consider an averaged hysteresis loop, such
as the one depicted in Fig 7. From this figure, we esti-
mate a coercivity of 150 mT and a GMR ratio (∆R/R)
of 0.2%, which is consistent with similar devices14,24,25.
IV. CONCLUSIONS
We have demonstrated the operation of the FLUX-
CAP, a compact magnetizing device based upon the cap-
ture and focusing of flux from a rotating permanent mag-
net. This device can perform most of the same tasks as
conventional electromagnet based magnetizing devices in
FIG. 7. Averaged magnetic hysteresis loop of a spin-valve
device.
that it can synthesize static and dynamic magnetic fields
over a broad range of field values. Yet the FLUXCAP
immediately presents itself as an elegant alternative: it
operates as an ac magnetizing device requiring only a
12 V battery and a dc motor; its power consumption is
marginal (12 W), and it does not require water cooling.
The pole pieces are modular - it is straightforward to
change the maximum field applied by varying the pole
gap or even substituting a threaded rod with a differ-
ent bevel or chamfer. This permits easy modifications to
the magnitude and homogeneity of the applied field with
minor changes in the FLUXCAP design. Furthermore,
large field ramp rates are possible with FLUXCAP and
have been demonstrated for studying spin-valve nanopil-
lar devices. This enables statistical studies of thermally
activated magnetization reversal, quick resetting of mag-
netic devices and testing the dynamic response of mag-
netic field sensors.
FLUXCAP magnets are versatile enough to function
well in a variety of other applications. The setup could be
made UHV compatible – in fact, the permanent magnet
and motor could be placed outside of the UHV chamber
and the flux coupled into the chamber with the soft steel
core. FLUXCAP magnets can clearly be used for elec-
tronic transport measurements and could be integrated
into probe stations. For example, it could be used to add
magnetic capabilities to a semiconductor tester. By de-
signing the shape of pole pieces and the position to place
the sample, one can achieve different field directions using
the FLUXCAP. Finally, it is easy to imagine combining
two or three such magnets to generate a two-dimensional
or even three-dimensional vector field for sophisticated
measurements.
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